We show in theory that SBS slow-and fast-light can propagate in a cascaded system without group-velocitydispersion (GVD) broadening and low gain broadening by use of dispersion compensation. The two GVD parameters in the normal and anomalous dispersion regions can be modulated to counteract so that we can get a zero-GVDbroadening pulse by using two broadband pumps with different powers and spectral widths. Using the method of dispersion compensation, the third-order dispersion (TOD) effect can also be canceled out simultaneously. Besides, the pulse compression occurs in the anomalous dispersion region, which contributes a low gain-broadening pulse. Therefore, this method could have the potential for different pump beam spectra.
INTRODUCTION
Since the first demonstration of the slow-light via stimulated Brillouin scattering (SBS) in optical fibers, many researchers have paid more attention to this area [1] [2] [3] . Controlling pulse delay and advancement in fiber is very necessary because it shows potential application on optical buffering for all-optical communications. The physical process of SBS slow-and fastlight can be described as follows [4] : It is a nonlinear interaction between the two light waves (pump wave and Stocks wave). When a light wave propagates in a fiber, a backward Stokes wave is generated with a downshifted frequency. The input light experiences an absorption and anomalous dispersion, which results in advancing the input light and the Stokes light obtains a gain and performs slow-light. Compared to other slow-light methods [5] [6] [7] [8] [9] [10] , this method has several advantages for its experimental convenience and the optimized result [1] [2] [3] 11] . For practical applications, it is more important to achieve slow-light for short pulses of nanosecond and subnanosecond durations corresponding to GBytes=s streams. Thus, several experiments that increase the bandwidth to several GHz by a frequency-modulated pump [12, 13] , even 25 GHz by a double pump system [14] , have been reported to achieve suitable gain bandwidth.
However, owing to strong dispersion in a usual slow-light system, the pulse broadening is more harmful for the practical applications and needs more attention. In a data stream, it is required to avoid two data stream pulses overlapping, which will limit the maximum time delay of the pulse. The pulse broadening remains a major limitation to the usefulness of slow-light pulse delay [15] . Recently, several studies to avoid pulse broadening were presented. In a linear slow-light system, the full width at half-maximum (FWHM) of the pulse was compressed by introducing a special shape of gain spectrum such as two closely spaced gain lines [16] , a broad gain with two losses at wings [17, 18] , a flat-top gain [19] , doublet SBS gain [20] , and a single broadened gain [21] . Furthermore, it was shown in [22, 23] that by using a nonlinear regeneration element or a pulse reshaping element the pulse can remain zero-broadening, but these methods were used for the pulse with a width of tens of nanoseconds. Usually, the broadening of a pulse is due to two factors: SBS gain-broadening and dispersion-broadening, which includes GVD and TOD [16, 24] , and thus it is impossible to get a zero-broadening pulse for an original unchirped pulse in a linear slow-light system [24] .
In this paper, we pay more attention to the SBS-related GVD-broadening, because in a broadband slow-light system, the GVD-broadening is about the same magnitude as the gainbroadening [14, 25] . We consider the GVD parameter of a cascaded slow-light system: the first stage is a slow-light process and the second stage is a fast-light process [1, 3, [26] [27] [28] and find that the broadened part of the pulse in the slow-light process can be compressed through the fast-light process since there exists an initial narrowing for a chirped pulse. We propose to use two broadband pumps with different powers and spectral widths to approach a zero-GVD-broadening pulse. Furthermore, the TOD parameter that describes the TOD effect of a pulse in the fiber is the derivative of GVD parameter, we can also get a zero-TOD-broadening pulse simultaneously.
Besides, the pulse compression occurs in the anomalous dispersion region. The gain-broadening in the first slow-light stage can also be compressed in the second stage [26, 29, 30] . Thus we can get a nearly zero-broadening pulse, which remains the time delay. Compared to the methods abovementioned [16] [17] [18] [19] [20] [21] [22] [23] , we believe the method will be useful for further study for two reasons. First, our process is linear and it can be replaced by almost all the achieved methods for slowlight system and different pump beam spectra [12] [13] [14] 31] . Secondly, this method could be applied to SBS based slow-light system corresponding to 10 Gbit=s and 2:5 Gbit=s streams rather than the ones in [22, 23] . We calculate the root-meansquare (RMS) width of the pulse in our paper to avoid some ignorance of the subpulses [24] . We can also use this theory to explain why the pulse be suppressed with double pumps [14] .
THEORY
The mode-propagation constant β can be expressed as a Taylor series about the frequency ω 0 to account the effects of fiber dispersion and the coefficient β 2 of the third item represents the group-velocity broadening, which named GVD parameter [4] :
where n is refractive index and n g is group index.
When an optical pulse propagates in the fiber, the GVD parameter β 2 represents dispersion of the group-velocity and is responsible for pulse broadening. For a Gaussian pulse, it will broaden with the increase of fiber length. But for a chirped Gaussian pulse with chirp parameter C, it will have initial narrowing for the case Cβ 2 < 0 [4] .
In order to increase the applicable bandwidth of the slowor fast-light system, it is necessary to use a spectrally broadened pump to increase the gain linewidth of the Stocks amplifying resonance [4] . The SBS gain is given by the convolution of the intrinsic SBS gain g 0 ðωÞ with the pump beam I P ðωÞ [25] :
where the sign þ=− refers to the SBS gain and loss. If the spectrum of pump laser is assumed by a Lorentzian shape the same as the Brillouin gain spectrum, the effective Brillouin gain spectrum still remains the Lorentzian shape, but the maximum value of effective Brillouin gain is reduced by the factor Γ B =ðΓ B þ Δω P Þ (Γ B =2π and Δω P =2π being the FWHM of the gain spectrum and pump, respectively). Thus the gain profile gðωÞ can be written as
Re½gðωÞ ¼ AE
Im½gðωÞ ¼ AE
where g 0 is the peak value of the Brillouin gain, I P is the intensity of the pump, and
If the pump frequency is at a frequency Ω B above the input signal frequency (namely ω P ¼ ω 0 þ Ω B , ω 0 being the center frequency of input pulse), a gain G (positive sign) can be generated and a positive delay can be expected, which is called slow-light. Thus, the gain G and the time delay T at the resonance frequency ω 0 can be written as [12] 
where L eff is the effective length of fiber. Considering the three-wave-propagation coupled equation [32] and Eqs. (1), (5), and (7), the GVD parameter β 2 can be accounted on the condition
In contrast, if the pump frequency is below the signal frequency (namely ω P ¼ ω 0 − Ω B ), a loss −G and a negative delay can be generated, which means certain advancement of the pulse and fast-light could be obtained. The sign of the GVD parameter is reverse. Figure 1 shows the different gain spectra and GVD parameter in the process of slow-light and fast-light. Now let us consider Gaussian pulse propagation in a cascaded slow-light system in Fig. 2 . Two broadband pumps with different powers and spectral widths are used. The two pumps' frequencies are at a frequency Ω B above and below the signal frequency, respectively. We use the subscript 1, 2 to represent the two different stages. In the first section of the fiber, we assume that the input pulse is Gaussian shape. It interacts with the Pump 1 wave, which generates time delay and a gain related to the Pump 1's power I P1 and spectral width Δω P1 . At the end of the fiber in the first stage, the Gaussian pulse broadens and becomes chirped Gaussian pulse (chirp parameter C ¼ Aβ 21 , A is a constant related to the fiber length and the FWHM of input pulse). In the second stage, the chirped Gaussian pulse will have time advancement and a loss with Pump 2 at a different power I P2 and spectral width Δω P2 and have a different value of GVD parameter β 22 due to SBS. As mentioned above, the sign of GVD parameter in the process of slow-light and fast-light is opposite, thus Cβ 22 ¼ Aβ 21 · β 22 < 0. In this case, the pulse can be narrowed in the second stage. The broadened or narrowed part is a ratio related to the fiber length z and the GVD parameters. [β 2j is the GVD parameter of the fiber segment of length z j (j ¼ 1; 2)].
According to the experiment configuration in Fig. 2 , the pulse is broadened at first and then narrowed. If this condition is satisfied, that is,
the GVD-broadening becomes zero, then the output pulse still maintains delaying (or advancement). This method is similar to dispersion compensation. [4] Hence, the resulting gain G net and the overall time delay T net are
NUMERICAL INVESTIGATION AND DISCUSSION
Through the above theoretical analysis and Eq. (9), the four parameters I P1 , I P2 , Δω P1 , Δω P2 can be set to get zero-GVDbroadening. Whether the time delay is positive or negative depends on the value of the four parameters. From Eq. (9), the condition is equivalent to
The dispersion compensation can generate slowlight only if Δω P1 > Δω P2 . For example, Δω P1 ≫ Δω P2 , the time delay is fully comparable to the value that we only use one broadband pump. Furthermore, the two values of the pump spectral width also need to be limited to guarantee the SBS process.
Assuming a ¼ b and using Eqs. (12) and (13), we can rewrite the time delay T net as
This shows clearly that T net has a positive correlation with the parameter a and a negative correlation with Δω P1 . Thus, we fix Δω P2 =2π at 10 GHz in order to have pulses corresponding to GBytes=s streams. In this simulation, we use the following values for these two standard single-mode fibers at 1550 nm, g 0 ¼ 5 × 10 −11 m=W, z 1 ¼ z 2 ¼ L eff ¼ 1 km, and Γ B =2π ¼ 35 MHz. We can see from Fig. 3 that the time delay will achieve a maximum when a ¼ 4. When a < 1, the cascaded system will generate pulse advancement and time delay has a negative sign, while the output pulse will maintain delay when a > 1. Figure 4 shows the spectral dependence of time delay and gain for different b. We calculate this data to explain why the pulse can gain a zero-dispersion-dependent broadening when a ¼ b. Here, we assume the parameter a ¼ 4 to gain the maximum of time delay and fix I P1 at 0:1 W. From Fig. 4(a) , one can see clearly that the spectral shape of the time delay shows flattop when b ¼ 4, which means the pulse can propagate in a cascaded slow-light system without GVD-broadening (compared to a slow-light system with only one pump). Also, as shown in Fig. 4(a) , when b < 2, the pulse that propagates in this system will occur in time advancement. As seen from Fig. 4(b) , we could get a flattop gain profile when b is an exact value between 2.5 and 3. But the top of the gain profile of the two-pump system is flatter than that of the one-pump system. This means that the pulse will still have a gain-broadening under the two-pump system that is smaller than the broadening under the one-pump system when b ¼ 4.
Here, we consider the bandwidth of signal pulse propagating in a cascaded slow-light system. Suppose the signal pulse at the center frequency ω 0 is an unchirped Gaussian pulse of this form Uð0; TÞ ¼ expð−T 2 =T 2 0 Þ in the time domain and Uð0; ωÞ ¼ ffiffiffi π p T 0 expð−ðω − ω 0 Þ 2 T 2 0 =4Þ, with T 0 being the halfwidth at 1=e intensity of this pulse. After the first stage of Fig. 2 . Principle of the experimental configuration to generate zero-GVD-broadening pulse by using two broadband pumps. SBS slow-light process, the pulse will be amplified [2] and be a chirped Gaussian pulse [4] of the form Uðz 1 ; ωÞ ¼ Uð0; ωÞ expfRe½g 1 ðωÞz 1 =2g exp½iβ 21 ðω − ω 0 Þ 2 z 1 =2. Also, under the second stage of a fast-light process, the pulse will still have a Gaussian shape and be compressed by the SBS loss [29, 30] and the opposite value of the GVD parameter that could achieve a zero GVD-broadening, which is of the form Uðz 1 þ z 2 ; ωÞ ¼ Uðz 1 ; ωÞ expf−Re½g 2 ðωÞz 2 =2g exp½iβ 22 ðω− ω 0 Þ 2 z 2 =2. In this method, both gain-and GVD-broadening have been compressed. As mentioned in [24] , we calculate the RMS width of the pulse through calculating gainbroadening and dispersion-broadening. We rewrite UðωÞ as AðωÞ exp½iφðωÞ. The RMS width σ t of the pulse can be determined through the following equation [24] :
where E is the total energy inside the pulse. Thus, the broadening factor B could be achieved in this form: B ¼ ðB
Here we ignore TOD effect and think B dispersion is approximately equal to B GVD . We use the following values for these two standard single-mode fibers at 1550 nm, g 0 ¼ 5 × 10 −11 m=W, z 1 ¼ z 2 ¼ L eff ¼ 1 km, and Γ B =2π ¼ 35 MHz. In order to get the maximum time delay, we choose the two parameters as Δω P1 =2π ¼ 2:5 GHz, 1=2T 0 ¼ Δω P2 =2π, and a ¼ 4. From Fig. 5 , we can see that the bandwidth related to SBS GVD of this pulse is broadened at first and then compressed with the increase of parameter b because only in one situation could the GVD-broadening be zero, which is b ¼ 4. If b=a < 1 (i.e., b ¼ 3:5), the power of Pump 2 is large enough to make the broadened pulse with chirp in the first stage compressed and then broaden again in the second stage. If b=a > 1 (i.e., b ¼ 4:5), the power of Pump 2 is too small to make the pulse compressed completely, and the broadened part of pulse in the first stage is still there. As for gain-broadening, when the pulse propagates in the anomalous dispersion regions, it will be compressed [ 29, 30] , which could reduce the broadening part due to the SBS gain in the first stage. The SBS loss in the second stage decreases with the increase of parameter b, which means the effect of counteracting to the broadening part is weakened. Thus we can have a minimum value of 1.082 for the broadening factor when b ¼ 4. Figure 6 (a) shows the comparison between two results of two different numerical simulations with the increasing of Pump1's power. The blue (bottom) line represents the slow-light generated by two broadband pumps whose spectral widths match those in Eq. (13) . The black (top) line represents the slow-light generated by one broadband pump-Pump 1 whose spectral width is the above-mentioned value. Because the positive and negative time delay counteract with each other, the overall time delay is smaller than the time delay generated by one pump. Figure 6 (a) shows a linear fit with slope of 14:45 ps=dB for single pump system and 11:18 ps=dB for double pumps system, a decrease of 22.5%, which is resulted from the dispersion compensation. Figure 6(b) shows the relation between the time delay and the relative width. It is obviously shown that the broadening factor of pulse can be controlled in a small value for zero-GVD-broadening and low gain-broadening. Our simulation is very similar to the data of the previous experiment in [14] and could explain the difference between the theoretical and experimental data in [14] , which is due to dispersion compensation.
For the cascaded system we assumed the GVD parameter is equal to zero, thus the TOD effect cannot be neglected because it will cause pulse broadening. Therefore, we also consider TOD effect here. The TOD parameter β 3 can be determined from GVD parameter as follows: [4] 
where, β 31 , β 32 are the TOD parameters in the two fibers, respectively. It is obvious that we can get the equation
, which means the TOD effect in the two different fibers could be canceled out [4] . Figure 7 shows the broadening factor related to TOD changes with parameter b. The result is the same with the broadening factor of GVD shown in Fig. 5 . Figure 8 shows the result of different widths for input pulses. The input pulse width is related to Δω P1 through the parameter a and Δω P2 . As we can see, the maximum time delay will be 27:09 ps when Δω P1 =2π ¼ 2:5 GHz and Pump1 power is 0:1 W and only has a value of 1.082 for broadening factor. Otherwise, when Δω P1 =2π ¼ 10 GHz, time delay will be 1:73 ps and broadening factor B is 1.022. Since we fix Pump1 power at 0:1 W and gain decreases with the growth of the pump bandwidth, the values of time delay and broadening factor decrease dramatically. Here we consider all the factors to pulse broadening including gain, SBS-induced GVD, and SBS-induced TOD broadening. We think this method could be used for further study of gain dispersion reduction only in a linear system because both GVD and TOD effect can be eliminated through dispersion compensation.
The dispersion compensation method can also be applied to generate fast-light without GVD-broadening when Δω P1 < Δω P2 . In order to get the maximum time advancement, we make the same mathematical transformation as the slow-light and find that the time advancement reaches a maximum when a ¼ 1=9.
CONCLUSION
We have studied zero-GVD-broadening by using two broadband pumps theoretically. According to our analysis, the input pulse is broadened by Pump 1 with the spectral width Δω P1 and power I P1 and then narrowed by Pump 2 with the different values. By modulating the four parameters to match with a certain condition, we can get a pulse with zero GVDand TOD-broadening and low gain-broadening in the fiber corresponding to 2.5 and 10 GBytes=s. As for the fourthorder-dispersion effect, its influence on the pulse broadening is so small that it is not comparable with gain-broadening and could be neglected. Although the dispersion compensation may weaken the Brillouin gain, our result shows that the time delay can remain. We believe this method can be used for reference to approach a zero-broadening pulse by using different pump beam spectra such as Gaussian and superGaussian pump beams.
